Autophagic flux is an important process during autophagy maturation in smooth muscle cells. However, the molecular mechanisms underlying autophagic flux in these cells are largely unknown. Here, we revealed a previously undefined role of CD38, an enzyme that metabolizes NADP + into NAADP, in the regulation of autophagic flux in coronary arterial myocytes (CAMs).
Introduction
Autophagy (or macroautophagy) is a tightly controlled cellular catabolic mechanism that eukaryotes use to degrade long-lived proteins and organelles. 1 The molecular mechanisms or regulatory pathways for autophagy have been extensively studied since the discovery of mammalian autophagy genes (Atg genes), and significant advances have been made to reveal its roles under physiological and pathological conditions. 2 It has been demonstrated that autophagy processes include induction and formation of autophagosome and autophagic flux, the latter of which consists of autophagosomes trafficking and fusion with lysosomes to form autophagolysosomes and breakdown of autophagic contents in autophagolysosomes. 3, 4 Recent studies have indicated that augmented autophagy in the vascular smooth muscle cells (SMCs) plays an important role in atherosclerosis, which may be both protective and detrimental during atherosclerosis, depending on the status of autophagy or the † Y.Z. and M.X. contributed equally to this work.
stage of atherosclerosis. 5 Increased but controlled autophagy in vascular SMCs at the early developmental stage of atherosclerosis may be beneficial via inducing a more differentiated and contractile phenotype, thereby decreasing cell proliferation and preventing fibrosis. 6 On the other hand, excessive autophagy in vascular SMCs of the fibrous cap that surrounds the necrotic core of atherosclerotic plaques may cause autophagic or type II cell death increasing the instability of atherosclerotic plaques, 7, 8 which ultimately evokes atherothrombosis, myocardial infarction, or stroke. 9, 10 Although the role of augmented autophagy in atherosclerosis has been extensively studied, there is no evidence that a defective or reduced autophagy is involved in the pathogenesis of atherosclerosis. Specifically, the molecular mechanisms for deregulated autophagic flux as well as their pathophysiological relevance are poorly understood. CD38 is a multifunctional enzyme responsible for the production and metabolism of cyclic ADP-ribose (cADPR) and NAADP in vascular cells, which play important roles in the regulation of vascular function. 11 cADPR, an alternative Ca 2+ -mobilizing second messenger to inositol 1,4,5-trisphosphate [Ins (1, 4, 5) P3], plays a crucial role in the regulation of multiple cell functions under physiological conditions. 12, 13 Activation of the CD38/cADPR pathway contributes to the M 1 receptor agonist-induced Ca 2+ release from the sarcoplasmic reticulum (SR) in coronary arterial myocytes (CAMs) and vasoconstriction in coronary arteries. 14 NAADP is another key product of CD38-ADP-ribosylcyclase and is reported to be the most potent intracellular Ca 2+ -mobilizing signalling molecule. 15 In arterial SMCs, NAADP mobilizes intracellular Ca 2+ in a two-pool mechanism that NAADP releases Ca 2+ from a lysosome-dependent Ca 2+ store, which serves as a localized signal to trigger Ca 2+ -induced Ca 2+ release leading to global Ca 2+ increases in the cytosol. 16 Such NAADP-sensitive lysosome-derived Ca 2+ and consequent increases in cytosolic Ca 2+ have been shown to participate in the physiological regulation of cell functions or activities in a variety of tissues or cells. 15, 17, 18 In particular, autophagosomes trafficking and fusion with lysosomes has been shown to be a Ca 2+ -dependent event. 19 -21 Thus, we wonder whether the CD38-mediated Ca 2+ signalling could control the formation of autophagolysosomes during autophagic flux in CAMs through regulation of autophagosomes trafficking and fusion with lysosomes.
In the present study, we used both in vitro and in vivo approaches to test this hypothesis. Our data first demonstrate that genetic deficiency of CD38 results in a defective autophagic process in coronary arterial media of mice fed the high-fat Western diet. Then, in primary cultured CAMs, we reveal that such defective autophagy under atherogenic stimulation is due to impaired autophagic flux, which is associated with attenuated lysosomal Ca 2+ release, reduced dynein activation, and deregulated autophagososomes trafficking and fusion with lysosomes. Lastly, we demonstrate that coronary arterial smooth muscle from CD38 2/2 mice fed the Western diet exhibited phenotypic changes towards a more dedifferentiated state with abnormal extracellular matrix metabolism. Bethlehem, PA, USA), as described previously. 22 Mice were sacrificed by cervical dislocation under ether anaesthesia. The hearts with coronary artery were obtained for coronary dissection or frozen in liquid nitrogen for preparation of frozen section slides. All experimental protocols were reviewed and approved by the Animal Care Committee of Virginia Commonwealth University. All animals were provided standard rodent chow and water ad libitum in a temperature-controlled room.
Materials

Animal procedure
Western blot analysis
Western blot analysis was performed as described previously 23 and also in Supplementary material online. Primary antibodies used are rabbit anti-LC3B (dilution 1:1000, Cell Signaling Technology), rabbit antiBeclin1 (dilution 1:1000, Abcam), rabbit anti-calponin (1:500, Santa Cruz), mouse anti-vimentin (1:500, Santa Cruz), goat anti-b-actin (1:500, Santa Cruz), or anti-b-tubulin (1:1000, Santa Cruz).
Primary cell culture of mouse CAMs and treatments
CAMs were isolated from CD38 +/+ or CD38 2/2 mice as previously described 24 and also discussed in Supplementary material online. The expression of CD38 in CD38 +/+ or CD38 2/2 CAMs was examined by western blot (see Supplementary material online, Figure S1 ). Cells were treated with 7-ketocholesterol (7-Ket) (Sigma; 10 mg/mL) or rapamycin (RPM) (Sigma; 20 nM) for 24 h, or left starved in Earle's balanced salt solution (Invitrogen) for 2 h at 378C. The dosages of 7-Ket and RPM were chosen based on our pilot study that cell death was barely observed at these dosages but induces submaximal autophagy in CAMs.
Electron microscopy
The sample preparations for electron microscopy including fixation and staining were performed according to the published method. 25 Autophagic vacuoles and lysosomes were examined by a Jeol JEM-1230 transmission electron microscope (TEM) equipped with a Gatan UltraScan 4000SP 4K×4 K CCD camera.
Flow cytometric detection of autophagosomes and autophagolysosomes
Autophagosome formation in cells was detected using a CytoID Autophagy Detection Kit (Enzo, Plymouth Meeting, PA, USA) following manufacturer's instructions. The CytoID fluorescent reagents specifically detect the autophagic vacuoles formed during autophagy. Briefly, cells were trypsinized, spun down, and washed twice in phenol red-free RPMI 1640 with 2% foetal bovine serum (FBS). The cells were resuspended in 0.5 mL of freshly diluted CytoID reagents and incubated at 378C for 30 min. The CytoID fluorescence of cells was immediately analysed by flow cytometry using a flow cytometer (GUAVA, Hayward, CA, USA). The percentage of cells with CytoID staining was used to represent the relative formation or accumulation of autophagosomes. The autophagolysosome formation was analysed by flow cytometry using a lysosomotrophic dye and acridine orange. 26 Acridine orange accumulates in acidic vesicles such as lysosomes to display red fluorescence, but is green fluorescent in neutral environments such as in the cytosol and nuclei. Since autophagolysosomes are larger acidic compartments compared with lysosomes, increased fusion of lysosomes with autophagosomes to form autophagolysosomes will increase the red-to-green fluorescence intensity ratio. Briefly, cells were stained with acridine orange (2 mg/mL) for 17 min and washed twice in phenol red-free RPMI 1640 with 2% FBS. Then the ratio of red-to-green fluorescence intensity from cells was obtained by flow cytometry to indicate the change of intracellular autophagolysosomes. In some groups, CAMs were transfected with Atg7siRNA or the control scrambled siRNA, as described previously. 27 
Fluorescence resonance energy transfer analysis
Cells were stained with fluorescein isothiocyanate (FITC)-labelled antibody against Lamp1 (1 : 200, BD Biosciences) and MitoTracker probes (Invitrogen), which label mitochondrial proteins. An acceptor bleaching protocol was used to measure the fluorescence resonance energy transfer (FRET) efficiency between FITC/MitoTracker, as described previously 28, 29 and also in Supplementary material online.
2.7 Assay for autophagic flux using tandem RFP-GFP-LC3B
The autophagic flux in CAMs was assayed using the Premo TM Autophagy Tandem Sensor red fluorescent protein (RFP)-green fluorescent protein (GFP)-LC3B kit (Invitrogen) following manufacturer's instructions. Briefly, 10 4 cells grown in coverslips were incubated with 6 mL
BacMam reagents containing tandem RFP-GFP-LC3B DNA overnight (.16 h) and then treated as indicated. The cells were washed and bathed in phosphate buffered saline (PBS) and visualized through sequentially scanning on an Olympus laser scanning confocal microscope (Fluoview FV1000, Olympus, Japan). The number of LC3B-positive autophagosomes and autophagolysosomes in merged images was quantitated using ImageJ.
Assays for lysosomal pH, protease activity, and cathepsins
To observe lysosomal alkalinization, we incubated CAMs in PBS buffer with or without 100 mM chloroquine for 30 min. The cells were then loaded with LysoSensor Green DND-189 (1 mM; Invitrogen) in PBS buffer for 15 min at 378C. Cells were washed twice with PBS and immediately visualized with a confocal laser scanning microscope (Fluoview FV1000, Olympus, Japan). The enzyme activity of lysosomal proteases in CAMs was assayed for their ability to process DQ-BSA Red (a derivative of BSA, the red fluorescence of which is quenched unless it is cleaved by proteolytic enzymes), as described previously. 30 Briefly, CAMs were incubated with DQ-BSA Red (10 mg/mL) for 2 h at 378C and the mean fluorescence intensity of these cells was determined by flow cytometry. The catalytic activities of cathepsin B (Abcam, Inc.) and cathepsin D (Sigma) were determined using commercially available kits following manufacturer's instructions.
Assay of cytoplasmic dynein ATPase activity and dynamic analysis of autophagosome movement in CAMs
Dynein in mouse CAMs was purified and its ATPase activity was assayed, as described previously 31 and also in Supplementary material online. To monitor the autophagosome movement, CAMs were incubated with BacMam GFP-LC3B virus particles (Invitrogen) at 378C for overnight (.16 h) to express the LC3B-GFP gene. The confocal fluorescent microscopic recording was conducted with an Olympus Fluoview System, as described previously 32 and also in Supplementary material online. The number of cells with different velocity of autophagosomes was calculated. 33 and also discussed in Supplementary material online.
Statistics
Data are presented as means + SEM. Significant differences in mean values between-and within-multiple groups were examined using analysis of variance (ANOVA), any significant difference revealed by this procedure were further investigated using Tukey's multiple-range test. Student's t-test was used to detect significant difference between two groups. The statistical analysis was performed by the SigmaStat 3.5 software (Systat Software, Chicago, IL, USA). P , 0.05 was considered statistically significant.
Results
Effects of CD38 gene deletion on autophagy in coronary arterial media of mice
To test the significance of CD38 in autophagy in vivo, we examined the expression of an autophagy marker, LC3B, in coronary arterial media from CD38 +/+ and CD38 2/2 mice fed the Western diet. As shown in Figure 1A , LC3B was highly increased in the coronary arterial wall of CD38 2/2 mice compared with CD38 +/+ mice particularly with the Western diet. In the homogenates of dissected coronary arteries isolated from mice fed with the Western diet, the expression of LC3B and another autophagy marker Beclin1 were much higher in CD38 2/2 mice than those in CD38 +/+ mice ( Figure 1B ). LC3B is recruited to autophagosomal membranes during the formation of autophagosomes. Once autophagosomes fuse with lysosomes to form autophagolysosomes, LC3B in the autophagolysosomal lumen is degraded by the lysosomal proteases. Therefore, increases in the expression of LC3B suggest more autophagosomes are formed and/or less LC3B proteins are degraded due to impaired autophagic flux. Nonetheless, these results implicate that CD38 gene deletion results in the defective autophagic process in coronary arterial media of mice.
CD38 2/2 CAMs exhibit impaired autophagy upon atherogenic stimulation
We next determined whether CD38 gene deletion results in autophagy deregulation in primary cultured CAMs. CAMs were treated with 7-Ket, since it is a prototype atherogenic stimulus abundant in oxidized lowdensity lipoprotein and enhances the expression of LC3B and autophagy in vascular smooth muscle cells. 34 RPM is used as a positive control, which induces autophagosome formation by inhibiting the activity of mTOR complex 1 (mTORC1), 35, 36 and promotes autophagosome fusion with lysosome and subsequent autophagic flux. 37, 38 The formation of autophagosomes and autophagolysosomes was directly
observed under TEM ( Figure 1C ). Both CD38 +/+ and CD38 2/2 CAMs exhibited many vacuoles with or without myelin and mitochondria debris when stimulated by 7-Ket or RPM, suggesting increased formation of autophagosomes. In CD38 +/+ CAMs, there were many autophagolysosomes detected upon stimulation of 7-Ket and RPM, which were characterized by lysosomes merging with vacuoles, suggesting the occurrence of lysosome fusion to autophagosomes. However, in CD38 2/2 CAMs, no autophagolysosomes could be seen although many autophagosomes (vacuoles) also seen in electron microscopy (EM) studies. It appears that CD38 2/2 CAMs exhibit impaired autophagy with reduced formation of autophagolysosomes upon atherogenic stimulation. Since these EM studies were not quantitative, we confirmed the impaired autophagolysosome formation in CD38 2/2 CAMs by another series of biochemical and fluorescent assays. First, western blot analysis shows that in CD38 2/2 CAMs, the abundance of LC3B was more marked in CD38 2/2 CAMs than CD38 +/+ CAMs when they were challenged by the atherogenic agent 7-Ket or classical autophagy stimulators such as RPM or starvation ( Figure 1D ).
To analyse the dynamic balance between autophagosomes formation and autophagic flux, CAMs were stained with CytoID probes that detect autophagic vacuoles including pre-autophagosomes, autophagosomes, or autophagolysosomes. Enhanced induction of autophagosome formation or impaired autophagic flux will result in an increased number of autophagic vacuoles and enhances CytoID fluorescence. As shown in Figure 1E , in CD38
+/+ CAMs 7-Ket or RPM stimulation significantly increased the percentage of CytoID-positive cells, which was Impaired autophagic flux by CD38 gene deletion further augmented in CD38 2/2 CAMs. Similarly, inhibition of CD38 activity by nicotinamide markedly enhanced 7-Ket-induced increase in CytoID-positive cells (see Supplementary material online, Figure S2 ). However, in the presence of chloroquine, a lysosome inhibitor that blocks autophagic flux, no difference in 7-Ket-or RPM-induced increase in CytoID-positive cells was observed between CD38 +/+ and CD38 2/2 CAMs ( Figure 1F ). Thus, these results suggest that CD38 gene deletion impairs autophagic flux but not induction of autophagosome formation in CAMs under atherogenic stimulation leading to accumulation of autophagosomes. Inclusion of granular ubiquitin or a selective autophagy substrate p62 in autophagosomes of cells can be used to detect the breakdown of autophagic vesicles. 26 Increase in ubiquitin and p62 in autophagosomes suggests a failed breakdown of autophagosomes. As shown in Figure 1G and H, compared with CD38 +/+ CAMs, CD38 2/2 CAMs exhibited much more yellow puncta (insert of each image), suggesting that more ubiquitin and p62 proteins were accumulated in autophagosomes, in particular, when cells were stimulated by 7-Ket or RPM. These results further indicate that reduced autophagolysosome formation in CD38 2/2 CAMs, resulting in an impaired breakdown process of autophagic vesicles and accumulation of autophagosomes.
Decreased formation of autophagolysosomes in CD38 2/2 CAMs
Next, the formation of autophagolysosomes was analysed by flow cytometry studies on cells that were labelled with acridine orange, which accumulates in lysosomes with red fluorescence and shows green fluorescence in the cytoplasm and the nucleus. 26 Figure 2A shows that CD38 +/+ CAMs treated with 7-Ket or RPM shifted up to the area with high-red fluorescence intensity, which was inhibited in CD38
CAMs. The quantification of the data shows that 7-Ket or RPM significantly increased the red-to-green fluorescence ratio, indicating the formation of autophagolysosomes ( Figure 2B) . Further, gene silencing of Atg7, an essential protein for autophagy induction, 39 completely abolished 7-Ket or RPM-induced increases in the red-to-green fluorescence ratio, suggesting that these ratio increases by 7-Ket or RPM are indeed due to increased formation of autophagolysosomes ( Figure 2C ). However, CD38 2/2 cells failed to respond with the formation of autophagolysosomes upon treatment with 7-Ket or RPM, indicating that CD38 function is required for the formation of autophagolysosomes ( Figure 2B) . Lastly, increased lysosome biogenesis in CAMs may also enhance lysosomal accumulation of acridine orange and increase the red-to-green fluorescence ratio. However, no difference in protein expression in Lamp1, a lysosome marker, was found between CD38
+/+ and CD38 2/2 CAMs under control condition or with 7-Ket or RPM stimulation (data not shown), which suggests that CD38 is not involved in lysosome biogenesis. By confocal microscopic co-localization and FRET detection, we directly observe the fusion of autophagosomes with lysosomes in CD38 +/+ and CD38 2/2 CAMs. Figure 2D that the presence of the CD38 gene is essential for the control of lysosome fusion with autophagosomes in CAMs ( Figure 2E ).
To directly monitor the autophagic flux in living CAMs, we introduced a tandem RFP-GFP-LC3B gene into cells to express LC3B protein fused with both RFP and GFP in tandem. The tandem RFP-GFP-LC3B protein contains an acid-sensitive GFP (green fluorescence is quenched in acidic environments) and an acid-insensitive RFP (red fluorescence remains in acidic environments). Thus, the maturation from an autophagosome (neutral pH) to the autophagolysosome (with an acidic pH) can be visualized by imaging specific loss of the GFP fluorescence upon acidification of the autophagosome following lysosomal fusion. In this respect, yellow/orange puncta in the merged image (colocalization of both GFP and RFP) represent autophagosomes and red puncta in the merged image (RFP only since acidification abolishes GFP fluorescence) correspond to autophagolysosomes. As shown in Figure 2F , 7-Ket markedly increased the number of yellow/orange puncta (autophagosomes) and red puncta (autophagolysosomes) in the merged image in CD38 +/+ CAMs. However, in CD38 2/2 CAMs, 7-Ket significantly increased the number of yellow/orange puncta (autophagosomes), but very few red puncta (autophagolysosomes) could be observed. The quantified data in Figure 2G and H indicate that impaired autophagic flux by CD38 deficiency was due to defective maturation of autophagosomes to autophagolysosomes.
Effects of CD38 gene deletion on lysosomal pH and protease activity of CAMs
We next examined whether CD38 deficiency affects autophagic flux via alteration in lysosome acidification and its protease activity. Lysosomal pH was determined by staining CAMs with LysoSensor Green DND-189, which accumulates in acidic organelles and exhibits green fluorescence. CD38 2/2 CAMs exhibit a similar green fluorescence to CD38 +/+ CAMs, indicating that CD38 deficiency does not impair lysosomal acidification ( Figure 3A) . Chloroquine is known to alkalize the lysosome, which decreased LysoSensor fluorescence intensity in CD38
+/+ and CD38 2/2 CAMs ( Figure 3A) . The lysosomal protease activity was assayed for their ability to process DQ-BSA Red. The red fluorescence of DQ-BSA Red is quenched unless it is cleaved by proteolytic enzymes. As shown in Figure 3B , 7-Ket did not alter DQ-BSA Red fluorescence in CAMs and no difference in DQ-BSA Red fluorescence was found between CD38 +/+ and CD38 2/2 CAMs treated with control or 7-Ket, while lysosomal activity was marked inhibited by chloroquine ( Figure 3B ). Consistently, CD38 deficiency did not affect activities of cathepsin B and D in CAMs ( Figure 3C and D).
Inhibited dynein ATPase and autophagosome movement in CD38
2/2
CAMs upon 7-Ket stimulation
Dynein is a motor protein responsible for nearly all minus-end microtubule-based transport of vesicles in eukaryotic cells and has recently been implicated in autophagosomes trafficking to meet with the lysosomes to form autophagolysosomes. Thus, we examined whether CD38 deficiency results in deregulated dynein activation and autophagosomes trafficking during atherogenic stimulation. Indeed, treatment of CAMs with 7-Ket resulted in a markedly increase in dynein ATPase activity in CD38 +/+ CAMs, which was significantly attenuated in CD38
CAMs ( Figure 4A ). Autophagosomes are formed randomly throughout the cytoplasm and then transported to lysosomes, the majority of which is localized in the perinuclear region. To monitor the autophagosome movement to lysosomes, we labelled autophagosomes with LC3B-GFP by the BacMam technique and determined the velocity of autophagosome movement. Under control condition, autophagosomes moved bi-directionally, i.e. towards and away from the nucleus, and no difference was found in velocity of autophagosome movement between CD38 +/+ and CD38 2/2 CAMs ( Figure 4B ). In CD38
CAMs, 7-Ket significantly enhanced the autophagosome movement in the velocity range between 0.01 and 0.09 mm/s ( Figure 4C ). In contrast, such 7-Ket-enhanced autophagosome movement was blocked in CD38 2/2 CAMs ( Figure 4C ). Impaired autophagic flux by CD38 gene deletion CAMs with 200 mM GPN. GPN was used to release Ca 2+ from lysosomes by inducing their selective osmotic swelling. As shown in Figure 5A and B, GPN-induced Ca 2+ release was significantly enhanced in CD38 +/+ CAMs with 7-Ket treatment, which was markedly blocked in CD38 2/2 CAMs or by the specific lysosome function blocker bafilomycin (Baf). In addition, we determined whether such enhanced lysosomal Ca 2+ release potential was associated with elevated basal cytosolic Ca 2+ concentration in CAMs (without GPN treatment). As shown in Figure 5C , Figure 5E ) and decreased 7-Ket-induced autophagolysosomes formation ( Figure 5F ) in CAMs from CD38 +/+ mice.
Attenuated lysosomal
CD38 deficiency decreases contractile phenotype and increase collagen deposition in coronary arteries
As shown in Figure 6A , representative fluorescent images qualitatively demonstrated that the expression of a contractile phenotype marker calponin (green staining) in coronary arteries decreased in CD38
2/2 mice compared with that in CD38 +/+ mice, particularly when they were on the Western diet. CD38 2/2 mice exhibited little yellow staining suggesting that less calponin expressed in the area of higher LC3B expression. In contrast, as shown in Figure 6B , CD38 2/2 mice had increased the abundance of vimentin, a dedifferentiation-associated filament protein, in coronary arterial media, where LC3B was high, as shown by a deep yellow staining. Western blot analysis ( Figure 6C ) confirmed that in dissected coronary arteries from mice with the Western diet, the expression of calponin was lower, whereas vimentin was higher in CD38 2/2 mice compared with CD38 +/+ mice. These results demonstrate that coronary arterial smooth muscle in CD38 2/2 mice had an enhanced dedifferentiated phenotype to that in CD38 +/+ mice. The extracellular matrix was visualized by TEM using a trichrome collagen stain kit (Sigma) and the blue colour intensity of each image was analysed by the Image Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). As shown in Figure 6D , the coronary arterial wall in CD38 mice showed increased collagen expression, particularly when mice were fed the Western diet, indicating increases in the extracellular matrix.
Discussion
The present study demonstrated that in CAMs, CD38 gene deletion results in an impaired autophagic flux characterized by accumulation of autophagosomes and reduced formation of autophagolysosomes.
Such impaired autophagic flux was associated with blunted NAADP/ lysosomal Ca 2+ , dynein activation, and autophagosomes trafficking in
CAMs.
The hallmark of autophagy is the formation of the autophagosomes, followed by its fusion with a lysosome, termed autophagolysosomes. Microtubule-associated protein 1 light chain (LC3) exists in the cytoplasm in a soluble form (LC3A). A phosphatidylethanolamineconjugated form of LC3 (LC3B) is associated with the phagophore and the inner autophagosomal membrane and is a highly specific marker for these structures. 41 Upon fusion with the lysosome, LC3B
on the inner autophagosomal membrane is degraded. 3 The present study attempted to explore the mechanisms that regulate autophagic flux in the pathogenesis of atherosclerosis. Here, we demonstrated that CD38 gene deletion increased LC3B protein levels in coronary arterial media in mice fed the Western diet and in primary cultured CAMs under atherogenic stimulation by 7-Ket. These in vivo and in vitro results implicate that under atherogenic stimulation, loss of CD38 function causes deregulated autophagic process in CAMs with more autophagosomes formed or accumulated. Indeed, the accumulation of autophagosomes, reduced lysosome fusion with autophagosomes, and decreased autophagolysosomes formation were directly observed in CD38
CAMs by EM. Our data further confirmed that accumulation of autophagosomes is due to impaired autophagic flux but not increased formation. First, we used a Cyto-ID Green detection reagent, which is a novel dye that selectively labels autophagic vacuoles in live cells and quantitatively monitors autophagic flux. 27 This novel method confirms the finding in the EM study that 7-Ket stimulation accumulates more autophagosomes in CD38 2/2 CAMs than CD38 +/+ cells. Importantly, the difference in autophagosome accumulation was not observed in the presence of an autophagic flux blocker, choloquine, suggesting that CD38 is not involved in autophagy induction and formation of autophagosomes. Inclusion of granular ubiquitin or p62 in autophagosomes of cells is a valuable non-EM-based technique to detect increased autophagy, in particular, for detection of the breakdown of autophagic vesicles. Our data revealed that CD38 2/2 CAMs had more ubiquitin and p62 in autophagosomes than those in CD38 +/+ cells suggests a failed breakdown of autophagosomes in CD38 2/2 CAMs. Thus, these results support the view that autophagic flux rather than induction of autophagosome formation is deregulated in CAMs lacking CD38 gene. Based on our data from acridine orange staining, FRET between Lamp1 and Mitotracker, and a tandem RFP-GFP-LC3B assay, we found that genetic deficiency of CD38 can decrease the fusion of autophagosomes with lysosomes leading to reduced formation of autophagolysosomes. Acridine orange staining indirectly shows a decrease in autophagolysosome formation in CD38 2/2 CAMs (Figure 2A-C) .
Autophagosome fusion with lysosomes was also observed by FRET detection (blue fluorescence) between Lamp1 (FITC labelled) and mitochondrial proteins aggregated in autophagosomes (MitoTracker labelled) ( Figure 2D and E). Our data suggest that the lack of the CD38 gene blunted the fusion of autophagosomes with lysosomes in CAMs. Moreover, using a tandem RFP-GFP-LC3B assay, we further demonstrated that the maturation of autophagosomes to autophagolysosomes was blocked in the absence of CD38 ( Figure 2F) . In another aspect, the decrease in autophagic flux can be due to defective lysosomal proteolytic activity that inhibits autophagosome turnover. 30 However, our data from Lysosensor staining ( Figure 3A) , DQ-BSA Red assay ( Figure 3B) , and in vitro cathepsin substrate assay ( Figure 3C and D) confirmed that lysosomal pH, lysosomal protease activity, and cathepsins B and D During autophagy, autophagosomes move vectorially towards the centrosome, where lysosomes are usually concentrated. 38 Recent studies have demonstrated that autophagosomes can move in a microtubule-and dynein-dynactin motor complex-dependent manner. 42 Here, we demonstrated that CD38 deficiency inhibited 7-Ket induced dynein activation in CAMs. We further found that the movement of autophagosomes within a cell was enhanced in 7-Ket-treated CD38 +/+ CAMs, which was prevented in CD38 Lysosomes contain high levels of Ca 2+ , which serves as an important intracellular Ca 2+ store similar to the SR. 45 Lysosomal Ca 2+ can be mobilized or released to mediate molecular trafficking or recycling and to control vesicular fusion events associated with lysosomes. 46, 47 NAADP, a CD38-ADP-ribosylcyclase product, is one of the most potent intracellular Ca 2+ -mobilizing molecules, which mobilizes intracellular Ca 2+ release in a two-pool mechanism depending upon a CAMs is a consequence of insufficient CD38-mediated NAADP production. Together, our data, for the first time, link lysosome deregulation due to the absence of CD38-NAADP-Ca 2+ signalling to impaired dynein function and subsequent defective autophagic flux in CAMs.
The role of vascular SMCs in cardiovascular diseases including atherosclerosis relates to their proliferative and secretory property, whereby they proliferate, grow, and migrate into intima and produce extracellular matrix to induce fibrosis. Defective autophagic flux may influence cell signalling pathways such as Wnt activity leading to fibrosis 51 or collagen degradation in cardiomyoctes. 51 Here, we demonstrated an increased expression of a dedifferentiation marker, vimentin, decreased expression of a contractile phenotype marker, calponin, and increased collagen deposition in the coronary arteries of CD38 2/2 mice, particularly when these mice were fed WD. Our study may provide a novel notion how defective autophagic flux due to impaired CD38 function may contribute to the development of atherogenesis. Atherogenic stimuli such as 7-Ket activate autophagy to form autophagosomes in arterial SMCs, where dynein-mediated trafficking (probably along with microtubules 52 ) and fusion between autophagosomes and lysosomes, are controlled by CD38/NAADP-mediated regulation in lysosomal TRPML1-Ca 2+ leading to effective autophagic flux. This CD38-regulated autophagic flux protects SMCs from atherosclerotic injury upon atherogenic stimulations possibly via down-regulation of signalling pathways controlling cell dedifferentiation, proliferation, and growth, or levels of extracellular matrix proteins via autophagolysosomal degradation machinery. When the controlling mechanism of lysosome function is insufficient due to impaired CD38 function, the autophagic flux is impaired, which may activate cell dedifferentiation, proliferation, and growth, thereby stimulating production of extracellular matrix and ultimately contribute to coronary arterial smooth muscle remodelling accelerating atherosclerosis. In summary, the role of CD38 in autophagic flux is associated with CD38-regulated lysosomal Ca 2+ and dynein activation. Defect in the CD38-NAADP-Ca 2+ signalling pathway results in impaired autophagic flux, which promotes CAM dedifferentiation and stimulates the production of the extracellular matrix, which ultimately may result in coronary arterial smooth muscle remodelling contributing to atherosclerosis. Impaired autophagic flux by CD38 gene deletion Our data provide new insights into how CD38-NAADP-Ca 2+ signalling and its regulated lysosome function contribute to autophagy and phenotype switching in CAMs leading to vascular smooth muscle remodelling.
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